Introduction
The development of industrially attractive processes for the separation of azeotropic mixtures is a great challenge for chemical engineers because ordinary distillation, which is the most common separation technique for liquid mixtures, is not an option [1] . Azeotropic distillation, pervaporation or reverse osmosis are some of the alternative processes to separate these mixtures [2] . However, these options imply high energy or investment requirements, making the process economically unattractive. Contrarily, liquid-liquid extraction does not require huge amounts of energy or expensive equipment when the solvent is non-volatile, which facilitates the solvent recovery; therefore, the separation of azeotropic mixtures can be performed in a more environmentally friendly way [3] . In the last years, the separation of the azeotropic mixtures formed by aliphatic hydrocarbons and alcoholic compounds (e.g., {hexane + ethanol} and {heptane + ethanol}) via liquid-liquid extraction have been studied by several groups using various extracting agents [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Ionic liquids were reported to be interesting extracting agents for the separation of different azeotropic mixtures via liquid-liquid extraction [17, 18] . ILs show very interesting properties, such as negligible vapor pressure, wide liquid range and tunable properties by combining different anions and cations. However, their main drawbacks for large-scale application are their high price and the complexity of the synthesis [19] compared to organic solvents traditionally used in liquid-liquid extraction.
Low transition temperature mixtures (LTTMs), discovered in 2003 [20] , seem to be a promising alternative to ILs because they share many of their properties; however, LTTMs can be prepared more easily and cheaply. In fact, LTTMs have already satisfactorily been used for the separation of a few azeotropic mixtures via liquid-liquid extraction [21] [22] [23] [24] . Originally, LTTMs were called deep eutectic solvents (DESs), but this name does not cover the complete class of solvents, because many mixtures do not show an (eutectic) melting point, but a glass transition instead [18] .
LTTMs are mixtures of one or more hydrogen bond donors (HBDs) and one or more hydrogen bond acceptors (HBAs) that together, in the proper ratio, have much lower melting point than the individual components. LTTMs generally present properties such as low vapor pressure, wide liquid range, water compatibility, biodegradability, non-flammability, and most importantly, easy and cheap preparation by mixing natural and readily starting materials [25] . Moreover, likewise ILs, LTTMs also show tunable properties by changing the HBDs and the HBAs. However, the tunability of LTTMs allows one more degree of freedom: the ratio between the HBD and the HBA can also be adjusted.
The aim of this work is to test the capability of two different LTTMs as extracting agents for the separation of the azeotropic mixtures {hexane + ethanol} and {heptane + ethanol} via liquidliquid extraction. The selection of the extracting agents was done on the basis of the solubility of the LTTM in ethanol (highly soluble) and in the aliphatic compounds (low soluble). For the selection of the extracting agent, previous results found in literature were also considered [23] . In literature, it was found that LTTM formed by a carboxylic acid (levulinic acid) and choline chloride showed good results for the separation of the system {heptane + ethanol}. Therefore, carboxylic acid-based LTTMs were considered and finally the selected LTTMs were (i) glycolic acid:choline chloride (1:1) (GC(1:1)) and (ii) lactic acid:choline chloride (2:1) (LC(2:1)). Further details on the solvent selection can be found in the Supplementary information.
The liquid-liquid equilibria (LLE) of the systems {hexane + ethanol + GC(1:1)}, {hexane + ethanol + LC(2:1)}, {heptane + ethanol + GC(1:1)} and {heptane + ethanol + LC(2:1)} were measured at T/K = 298.15 and T/K = 308.15 and atmospheric pressure. The solute distribution coefficient and the selectivity were calculated and compared to literature values in order to assess the suitability of these LTMMs as extracting agents. The influence of the temperature and the length of the hydrocarbon chain were considered. Finally, the experimental data were successfully correlated using the NRTL model. Throughout this paper, the LTTMs were treated as a single compound.
Experimental procedure

Materials
The chemicals used in this work, the source and the purity are presented in Table 1 . Choline chloride, lactic acid and glycolic acid were dried under vacuum before use. The other chemicals have been used without further purification.
LTTMs preparation
The mixtures were prepared using a Mattler AX205 balance with a precision of AE0.02 mg. Proper amounts of the HBD (the carboxylic acid) and the HBA (the quaternary ammonium salt choline chloride) were mixed in a flask and heated under stirring until a clear liquid without solids particles was formed. The temperature was controlled using a thermostatic bath with temperature controller (IKA ETS-D5). Both LTTMs were prepared at T/K = 333.15. The water content of the LTTMs was measured using Karl-Fischer titration method, type Metrohm 795. When the water content of the LTTM was higher than 1 wt%, the LTTM was kept in a desiccator until the water content was reduced. The HBD, HBA and HBD:HBA molar ratio for the preparation of the LTTMs used in this work are presented in Table 2 .
LLE determination
The immiscibility region of the ternary systems {ethanol + hexane + LTTM} and {ethanol + heptane + LTTM} was determined at room temperature (T/K = 293.15) and atmospheric pressure following the turbidometric titration method [26] . Binary mixtures with known composition of {hexane + LTTM} or {heptane + LTTM} were prepared in a flask. Ethanol was added drop wise while stirring, until no phase separation was visually observed. Thereafter, the flask was weighed in order to determine the amount of ethanol needed for the formation of a one-phase system. This final composition is a point of the binodal curve. The determination of the immiscibility region is of great importance, because the initial mixtures for the ternary LLE determination must lie within this region. The immiscibility regions of the systems {ethanol + hexane + LTTM} and {ethanol + heptane + LTTM} are depicted in the Supplementary information, SI- Fig. 1 .
The LLE data of the ternary mixtures were experimentally determined using the equilibrium cell method. Mixtures with a composition lying within the immiscibility region were prepared and placed in the equilibrium cell. The cells were connected to a thermostatic bath (Julabo F12) maintaining the temperature at T/K = 298.15 or T/K = 308.15 with uncertainties of AE0.1 K. The mixtures were stirred for at least 4 h and left to settle overnight in order to ensure that the thermodynamic equilibrium was reached. Thereafter, samples of the bottom and top phase were taken using a needled syringe. The samples were diluted using pure butanol.
The alcohol and aliphatic concentrations in the diluted samples were analyzed using a Varian 430 GC equipped with a flame ionization detector (T/K = 523.15) and a Varian CP-SIL 5CB column (25 m Â 1.2 mm). The oven temperature was set at T/K = 313.15 for 2 min, then increased to T/K = 423.15 at a rate of 40 K min
À1
. The temperature was kept constant for 2 min at T/K = 423.15. The injector temperature was T/K = 403.15. The carrier gas was helium with a constant flow rate of 2 mL min
. All samples were analyzed at least three times and the relative standard deviation was found to be smaller than 1.5%. After each 12 samples, a sample of known Table 3 for the system {hexane + ethanol + GC(1:1)} and in Table 4 for the system {hexane + ethanol + LC(2:1)}.
Two different parameters, the solute distribution coefficient (b) and the selectivity (S), are generally used to evaluate the performance of the extracting agent in a separation. These parameters can be calculated from the experimental data using the following expressions:
where w 1 and w 2 refer to the mass fractions of aliphatic and ethanol, respectively; the subscripts E and R refers to the extract Table 3 Composition of the experimental tie-lines, values of the solute distribution coefficient (b) and selectivity (S) for the system {hexane (1) + ethanol (2) + GC a Standard uncertainties u are u(T) = 0.1 K, u(w) = 0.015. (LTTM-rich phase) and the raffinate (aliphatic-rich phase), respectively. The solute distribution coefficient and the selectivity values are also shown in Table 3 for the systems containing GC(1:1) and in Table 4 for the systems containing LC(2:1). High values of the solute distribution coefficient indicate high affinity of the solvent (LTTM) for the solute (ethanol) and permit lower solvent/feed ratios. Likewise, high selectivity values reduce the required number of equilibrium stages.
A graphical representation of the experimental LLE data for the system {hexane + ethanol + GC(1:1)} is shown in triangular diagram in Fig. 1(a) and (b) for T/K = 298.15 and T/K = 308.15, respectively. Besides, the experimental LLE data for the system {hexane + ethanol + LC(2:1)} is depicted in Fig. 1(c) and (d) for T/K = 298.15 and T/K = 308.15, respectively.
By analyzing the triangular diagrams, the following remarks can be made. The tie-lines for all the systems studied show positive slopes, indicating that the ethanol has more affinity toward the LTTMs than toward the hexane. It is also observed that the slope of the tie-lines is larger for the {hexane + ethanol + LC(2:1)} system; this fact indicates that the ethanol interaction with LC(2:1) is stronger than with GC(1:1), resulting in higher solute distribution coefficient values. However, if the hexane content is examined, it can be noticed that, although the system containing LC(2:1) leads to purer hexane in the raffinate phase than the system containing GC(1:1), the extract phase of the system containing LC(2:1) shows higher hexane content than the system containing GC(1:1), indicating that GC(1:1) is more selective.
In order to compare the performance of the LTTMs and to study the temperature effect on the separation, the solute distribution coefficient and the selectivity as function of the ethanol concentration in the aliphatic-rich phase are represented in Figs. 2 and 3, respectively.
From Figs. 2 and 3, it can be observed that the temperature has a small effect, both on the solute distribution coefficient and on the selectivity. The solute distribution coefficient is slightly better at higher temperatures, while an opposite behavior was found for the selectivity. Hence, since the effect of the temperature is rather small, the extraction at room temperature is more practical due to the reduction of the energy requirements in the process.
As shown in Figs. 2 and 3,b and S decrease with an increasing ethanol concentration in the aliphatic-rich phase. Therefore, the extraction of ethanol toward the LTTM-rich phase is more favorable at low concentrations of ethanol. Moreover, the selectivity values are always higher than unity (specially high values at low ethanol concentrations), indicating that the effectiveness of the separation is satisfactory. Finally, when the performance of both LTTMs for the {hexane + ethanol} separation is compared, it is observed that the solute distribution coefficient is higher for the LC(2:1) than for the GC(1:1); while the selectivity is higher for the GC(1:1) than for the LC(2:1). Consequently, the use of LC(2:1) as extracting agent for this separation implies less extracting agent needed, whereas the use of GC(1:1) involves less equilibrium stages needed.
In order to explain the behavior of both LTTMs in the separation, several factors must be considered. Firstly, the higher affinity of the LC(2:1) toward the ethanol must be explained. When both LTTMs are compared, the first thing that can be noticed is the higher salt (choline chloride) content of the GC(1:1) compared with the LC (2:1). This fact indicates that the salt concentration is not the reason of the higher affinity of the LC(2:1) toward the ethanol. Consequently, this affinity must be attributed to the HBD, in this case the carboxylic acids. On one hand, the LC(2:1) has higher HBD concentration. On the other hand, the acidity of both HBD is similar (pK a glycolic acid = 3.83 and pK a lactic acid = 3.86) and both show similar chemical structure. Thus, similar effect would be expected. Consequently, the higher content of HBD present in the LC(2:1) is most probably the cause of the higher affinity toward the ethanol.
Comparison with literature
In order to properly evaluate the performance of the studied LTTMs as extracting agents for the separation of the azeotropic mixture {hexane + ethanol}, the calculated solute distribution coefficient and selectivity must be compared to these of other extracting agents found in the literature.
The solute distribution coefficient as function of the ethanol mass fraction in the aliphatic-rich phase at T/K = 298.15 and atmospheric pressure for several systems {hexane + ethanol + extracting agent} is depicted in Fig. 4 . The selectivity as function of the ethanol mass fraction in the aliphatic-rich phase at T/K = 298.15 and atmospheric pressure for several systems {hexane + ethanol + extracting agent} is represented in Fig. 5 . Please notice that all the solute distribution coefficient and selectivity values from literature were recalculated using Eqs. (1) and (2), (i.e., using mass fractions instead of molar fractions), in order to make a fair comparison of the different extracting agents. From Figs. 4 and 5, it can be noticed that the efficiency of the studied LTTMs in the separation of the azeotropic mixture {hexane + ethanol} is equal or higher compared to the ILs that have been found in literature. On one hand, GC(1:1) shows solute distribution coefficient values similar to the best IL used in this separation, with the improvement of having much higher selectivity values than the studied ILs. On the other hand, in the case of LC(2:1) we can find higher solute distribution coefficient values than in the other alternatives, while the selectivity values are comparable to those of the studied ILs. This means, if we use GC (1:1) we would use the same amount of extracting agent compared with the ILs but less equilibrium stages. Combined with other advantages of LTTMs over ILs (easier synthesis, lower price, biodegradability), this is a great improvement. If LC(2:1) is selected instead, we will use less extracting agent for the same amount of equilibrium stages, which is also a great advancement.
{Heptane + ethanol + LTTM} system
The LLE data for the systems {heptane + ethanol + GC(1:1)} and {heptane + ethanol + LC(2:1)} at T/K = 298.15 and T/K = 308.15 have been determined experimentally. The results, including the solute distribution coefficient (b) and selectivity (S), are presented in Tables 5 and 6 , respectively. A graphical representation of the Table 5 Composition of the experimental tie-lines, values of the solute distribution coefficient (b) and selectivity (S) for the system {heptane (1) + ethanol (2) + GC(1:1) (3)} at different temperatures and atmospheric pressure. a Standard uncertainties u are u(T) = 0.1 K, u(w) = 0.015. experimental data can be found in Fig. 6 . The solute distribution coefficient and the selectivity as function of the ethanol concentration in the heptane-rich phase at both temperatures are depicted in Figs. 7 and 8, respectively. As can be observed in Fig. 6 , the {heptane + ethanol + LTTM} system shows similar phase behavior to the {hexane + ethanol + LTTM} system. The main similarities between both systems are: (i) the tie-lines of both systems show positive slopes, revealing that in both systems the LTTMs interact stronger with the alcohol than with the aliphatic and (ii) the slopes of the system {heptane + ethanol + LC(2:1)} are sleeper than the slopes of the system {heptane + ethanol + GC(1:1)}, indicating that interactions of the ethanol with the LC(2:1) are stronger than the interactions with the GC (1:1) .
From Figs. 7 and 8, the effect of the temperature on the separation of the system {heptane + ethanol + LTTM} can be examined. As for the system {hexane + ethanol + LTTM}, the effect of the temperature on the phase behavior is rather small. Therefore, extraction at T/K = 298.15 is recommended in order to reduce the energy requirements. It can also be noticed from Figs. 7 and 8 that the LC(2:1) shows higher solute distribution coefficients than the GC(1:1). Contrarily, higher selectivity values are found for the GC (1:1) . Consequently, the use of LC(2:1) leads to lower extracting agent requirements, whereas the use of GC(1:1) implies less equilibrium stages needed. This is the same trend as observed for the {hexane + ethanol + LTTM} system.
When the LLE data of the systems {hexane + ethanol + LTTM} and {heptane + ethanol + LTTM} are compared, it can be observed that the system {heptane + ethanol + LTTM} shows bigger immiscibility regions (see also SI- Fig. 1) ; demonstrating that, likewise ILs, the miscibility of the LTTMs in aliphatic components decreases with the length of the hydrocarbon chain.
Comparison with literature
The calculated values of the solute distribution coefficient and selectivity of the system {heptane + ethanol + LTTM} have been compared to the values of other LTTMs and ILs found in literature. This comparison was done in order to evaluate the quality of the studied LTTMs as extracting agents for the separation of this azeotropic mixture.
The solute distribution coefficient as function of the ethanol mass fraction in the aliphatic-rich phase at T/K = 298.15 and atmospheric pressure for several systems {heptane + ethanol + extracting agent} is shown in Fig. 9 . The selectivity as function of the ethanol mass fraction in the aliphatic-rich phase at T/K = 298.15 and atmospheric pressure for several systems {heptane + ethanol + extracting agent} can be found in Fig. 10 .
From Figs. 9 and 10, the performance of the GC(1:1) and LC(2:1) in the separation of the mixture {heptane + ethanol} can be compared to other LTTMs and to other ILs. When LTTMs are compared to ILs, it is observed that the solute distribution coefficient of the LTTMs is generally higher than the solute distribution coefficient of the ILs. Moreover, the selectivity values are higher for all the LTTMs when compared to ILs. Thus, LTTMs are better extracting agents than ILs for the separation of heptane and ethanol.
The behavior of the different LTTMs can also be compared. From  Fig. 9 , it can be observed that the solute distribution coefficient values decrease as follows: LC(2:1) > levulinic acid-choline chloride (2:1) (LevAC(2:1)) > ethylene glycol-choline chloride (2:1) (EgC(2:1)) > GC(1:1) > glycerol-choline chloride (GlyC (2:1) ). showing higher solute distribution coefficient have lower selectivity and vice versa. The concentration of the HBD in the LTTM and the pK a value of the HBD are the main factors that lead to an increase of the solute distribution coefficient. The pK a of the HBD in this comparison are: pK a glycolic acid = 3.83 < pK a lacticacid = 3.86 < pK a levulinic acid = 4.6 < pK a glycerol = 14.15 < pK a ethylene glycol = 14.8. Therefore, it can be concluded that for the same HBD concentration, a lower pK a results in a higher solute distribution coefficient. A similar explanation was also given by Marrucho et al. [23] .
Recyclability of LTTMs
Finally, another desired characteristic for an extracting agent in liquid-liquid extraction is its recyclability. In this work, the LTTMs were recovered by evaporation of the solutes in a vacuum line. This simple recovery process was possible because of the negligible vapor pressure of the LTTMs. The integrity of the LTTMs was demonstrated via 
Thermodynamic correlation
The experimental LLE data were regressed using the non-random two-liquid (NRTL) thermodynamic model [27] , which has already been applied for the regression of LLE data of systems containing LTTMs before [22] . The NRTL model was selected for the regression because, generally, an activity coefficient model as NRTL is more suitable for LLE than a cubic equation of state, because the latter do not account for the non-idealities of the liquid phase and the non-randmoness of the molecules in complex systems [27] . Moreover, although the NRTL model does not account for electrostatic forces, the systems studied in this work, contrarily to ILs, do not exhibit ion dissociation, therefore, the addition an electrostatic term such as Debye-Hückel is not necessary [28] .
The NRTL model was applied by minimizing the following objective function. In the thermodynamic correlation, the LTTM was treated as a single component.
where M is the number of tie-lines, N is the number of components in the mixture, and (1/b) exp and (1/b) cal are the experimental and calculated solute distribution ratio, respectively.
To evaluate the quality of the correlation, two different deviations are presented: the root-mean-square deviation of the composition, sx, and the mean error of the solute distribution ratio, Db; which have been calculated as follows: Db ¼ 100
The first deviation compares the experimental and calculated mole fraction of the components for each tie-line end, and the second compares the solute distribution coefficient ratio, this means, the deviation related with both phases simultaneously. Tables 7 and 8 present the obtained parameters and deviations. Figs. 1 and 6 show the experimental data (solid line and solid dot) together with the calculated data (dashed line and empty square) and the goodness of the fitting can be visually observed. The values of the root-mean-square deviation of the composition and the mean error of the solute distribution ratio (Tables 7 and 8) confirm the goodness of the fitting for both systems.
Conclusions
In this work, two different LTTMs were evaluated as extracting agents for the separation of the azeotropic mixtures {hexane + ethanol} and {heptane + ethanol}. The selected LTTMs for this work were GC(1:1) and LC(2:1). Firstly, the LLE of the systems {hexane + ethanol + GC(1:1)}, {hexane + ethanol + LC(2:1)}, {heptane + ethanol + GC(1:1)} and {heptane + ethanol + LC(2:1)} were determined at T/K = 298.15 and T/K = 308.15. Secondly, the solute distribution coefficient and selectivity were calculated and compared to the values found in literature for other LTTMs and ILs. Moreover, the LTTMs integrity during the extraction process was demonstrated. Finally, the experimental data were successfully correlated using the NRTL model by treating them as single compounds.
It was found that the solute distribution coefficient and the selectivity values of the LTTMs used were higher compared to previously studied ILs. Therefore, combined with the unique characteristics of LTTMs (low price, easy and cheap preparation, biodegradability, low toxicity, low volatility, recyclability and negligible vapor pressure), they are a great alternative to ILs. It was also found that both the concentration and the pK a of the HBD of the LTTM determine the efficiency of the separation. 
